abstract Purpose More than 6,500 megavoltage teletherapy units are needed worldwide, many in low-resource settings. Cobalt-60 units or linear accelerators (linacs) can fill this need. We have evaluated machine performance on the basis of patient throughput to provide insight into machine viability under various conditions in such a way that conclusions can be generalized to a vast array of clinical scenarios.
INTRODUCTION
There is a great deficit and disparity in the number of teletherapy units across the world. Only four of 139 low-and middle-income countries (LMICs) are currently equipped with an adequate number of machines, and more than 9,000 machines will be needed by 2020. 1 Linear accelerators (linacs) and cobalt-60 units can be used to meet this demand for teletherapy services, although the advantages of each machine are widely debated in the literature. [2] [3] [4] [5] [6] Both machines have proved to be clinically acceptable and have a long history of successfully treating, curing, and palliating patients with cancer. Cobalt-60 units are cited as being more robust to the challenges of resource requirements, machine downtime, and operator demands, which allows for continued treatment in areas with relatively scarce resources. However, cobalt-60 units require radioactive material for which safety is a concern. Treatments delivered by using cobalt-60 units are hindered by lower dose rates than linacs, leading to longer treatments. In addition, under some circumstances and without the implementation of advanced technologies, cobalt-60 therapies have been shown to be dosimetrically unfavorable. In contrast, linacs feature higher dose rates, no radioactive material safety concerns, and treatments that can be delivered at higher energies. In addition, technological advances in radiotherapy delivery have led to the use of intensity-modulated radiation therapy (IMRT) and volumetric-modulated arc therapy (VMAT), as well as conformal radiotherapy with linacs. But the stringent power requirements and relatively long machine downtime needed for linacs call into question the viability of machine operation when infrastructure is limited, denoted herein as "low resource."
In choosing the appropriate teletherapy machine for a particular region, it is important to investigate projected machine performance considering patient treatment needs, machine capabilities, and the framework of local infrastructure. As a first step, we have quantified the relative daily patient throughput of cobalt-60 units and linacs that deliver a range of treatment techniques under various infrastructure conditions in an effort to add quantitative data to the discussion of teletherapy machine implementation.
MATERIALS AND METHODS
Relative average daily patient throughput was modeled for six treatment scenarios (linac delivering conformal radiotherapy, step-and-shoot IMRT, dynamic IMRT, VMAT, and cobalt-60 unit delivering conformal radiotherapy with and without multileaf collimators [MLCs]) under three power outage conditions. Data from international organizations, peer-reviewed studies, clinical observations, and patient treatment plans were used to model daily operational time of the teletherapy units and patient treatment time. Machine availability for each scenario was calculated as the total number of working hours per day in which a power supply was available and the machine was otherwise in operable condition. Patient treatment time was calculated as described under Modeled Patient Population.
Machine Operability
Power outage scenarios. For the purpose of our study, it was assumed that although cobalt-60 units are functional during a power outage via generator-supplied power, linacs are inoperable during power outages. Using data from World Bank Enterprise Surveys, we recorded power outage frequency and duration in all 44 African countries for which data were available. African countries were used for this study because of the availability of data and the concentrated need for teletherapy. 7 Data for multiple years for a single country were averaged, and the 44 data points were divided into three subgroups on the basis of frequency of outages. This discretization allowed for sampling of three power outage scenarios: many outages (an average of 9.1 to 31.5 outages per month), some outages (3.3 to 9.1 outages per month), and few outages (0 to 3.3 outages; Fig 1) . Outage durations were sampled from the corresponding distribution of outage duration. The data were scaled from reported outages per month to daily values for power outages. In addition, each power outage was extended by 20 minutes to account for the time it takes to bring the machine back online after a power outage.
Machine downtime. To estimate machine downtime, we recorded fractional downtime in-house for 15 machines at The University of Texas MD Anderson Cancer Center over 16 months of operation, and daily machine downtimes were sampled from this distribution. To more closely reflect the machine operation and downtime characteristics of LMICs and low-resource settings in which onsite engineers and machine support staff may not be available, we created a second machine downtime distribution by scaling the collected data to reflect an average machine downtime of 8%, as reported for 30 linacs across 10 countries by van der Giessen et al. 8 Data on cobalt-60 machine downtime were not available at our institution, nor were comprehensive analyses available in the literature. Those experienced with cobalt-60 machines suggested a downtime percentage of 1 week per 2 years of operation (1%); this value also reflects that reported in van der Giessen et al. 8 
Modeled Patient Population
In general, the treatment time needed per patient per fraction varies by type of machine, site of disease, prescribed dose, and delivery technique. Our modeled population included patients assigned a cancer site, radiation prescription, and treatment modality on the basis of cancer incidence and standard radiation prescriptions. Treatment time was then calculated (see Patient treatment time).
Cancer incidence and radiation prescription. The vast diversity in cancer incidence among regions and countries indicates that teletherapy implementation should be undertaken with the projected patient population in mind. To reflect cancer incidence in the regions of power outage considered, we used published data on cancer incidence in eight African countries from Cancer Incidence in Five Continents, Volume X, from the International Agency for Research on Cancer. 9 Nine cancer sites (breast, cervix, esophagus, head and neck, liver, lung, lymph node, prostate, and rectum) were identified, representing 40% to 80% of cancer incidence in each country. These percentages were averaged, normalized, and multiplied by the optimal fraction of patients receiving radiotherapy, as reported by Barton et al. 10 Radiation prescriptions were assigned per site on the basis of current curative clinical schemes.
Patient treatment time. Patient treatment time was calculated as the sum of setup, image guidance (optional), and beam delivery times.
It was assumed that the time needed for image guidance and setup was independent of the treatment machine, treatment technique, and cancer site. The distribution of patient setup times was acquired from clinical observations of 37 patient procedures. Image guidance time (2D-2D match), which was optional in patient treatment, was assumed to be 140 seconds, 11 and this was verified with 31 clinical observations. Beam delivery time comprised beam-on and mechanical motion components.
Beam delivery time ¼ Beam-on time þ Mechanical motion time
Mechanical motion time included the time during which beam definition (field shape or beam angle) occurs. Beam-on time was calculated as the product of the prescribed dose (Gy), a percent depth dose correction factor (PDDC) which is applied for cobalt treatment only and scales the prescribed dose on the basis of the difference in percent depth dose characteristics of 6-MV linacs and cobalt-60 (PDDC, for cobalt-60 treatments only), a beam modulation factor (monitor units [MU]/Gy) which relates the number of monitor units needed to deliver the desired dose on the basis of treatment site and treatment technique, and the inverse dose rate (minutes/MU).
Treatment modality and cancer site-specific distributions of beam modulation factor (all modalities) and mechanical motion times (step-andshoot IMRT) were acquired from more than 1,000 patient plans. Mechanical motion times for other modalities were approximated by using the required machine parameters. Mechanical motion time for step-and-shoot IMRT was calculated as the sum of the time for MLC definition over each beam segment (acquired by using a treatment planning script on 126 patient plans treated on Varian machines that incorporated segment order and leaf speed); it was assumed that gantry rotation time occurs simultaneously with MLC definition. For dynamic IMRT and conformal radiotherapy, mechanical motion time was set at 1 minute, under the assumption that beam angles span the full gantry extent and that gantry rotation occurs at one revolution per minute. For VMAT treatments, mechanical motion time was assumed to be 30 seconds, accounting for the collimator rotation between gantry arcs. Furthermore, total beam-on time for VMAT treatments was assumed to be at least 2 minutes or two arcs per treatment.
In addition, we considered two cobalt-60 treatment scenarios in which no MLCs were available, indicating the need for a therapist to add or change blocks. Through clinical observations, we estimated the time needed for one or three block changes per patient per fraction. One block change added 1 minute to the treatment time, and three block changes added 3.5 minutes to the treatment time.
For each treatment scenario, beam modulation factors and mechanical motion times were sampled from the distributions of treatment modality and cancer site incidence. If cobalt-60 was used, the prescribed dose was multiplied by a percent depth dose correction factor equal to 1.095, the average of the ratio of 6-MV and cobalt-60 depth doses under reference conditions from 1.5-cm to 10-cm depth. Finally, the inverse dose rate was used to calculate the beam-on time for each patient. The cobalt-60 dose rate decayed throughout the model duration, with an initial dose rate of 250 MU/minute corresponding to 100 MU/Gy under reference conditions. The linac dose rate was 600 MU/minute under reference conditions.
Daily patient throughput analysis. For each modeled day, power outage and machine downtime values were sampled from the corresponding distributions. Patients with various treatment times according to treatment technique and cancer site were assumed to be treated until daily machine operation time had expired. Average daily patient throughput values were recorded for each of the treatment scenarios.
RESULTS

Patient Treatment Time
For each of the treatment scenarios, we determined the average time spent per treatment activity comprising the total average patient treatment time for each treatment scenario (Table 1) . Shown are cobalt-60 units with MLCs during years 1, 5, and 8 of operation, in an effort to underscore the effect of source decay. Conformal radiotherapy during year 8 of cobalt-60 operation represented the longest average total treatment time, and step-and-shoot IMRT represented the second longest average total treatment time, largely because step-and-shoot IMRT required the longest average mechanical motion time (2.56 minutes).
Beam modulation factors which, for each treatment technique and site, indicate the number of monitor units needed to deliver the prescribed dose, were collected from over 1,000 patient treatment plans. In Table 2 , beam modulation factors for each treatment site for each of the four treatment techniques are shown the mean and standard deviation of the distributions recorded.
Patient Throughput and Power Outage Conditions
Each of the treatment scenarios was considered under the three power outage conditions (many, some, or few power outages), assuming an average linac downtime distribution of 8%. The normalized daily patient throughput results are provided in Table 3 . The average duration of daily power outages for each power outage condition is also reported.
Through 5 years of cobalt-60 operation, after which dose rate is 130 MU/minute under reference conditions, daily patient throughput was 94% relative to year 1. For cobalt-60 operation through 8 years, (87 MU/minute), relative throughput was 88%. Linacs delivering conformal radiotherapy with few power outages showed the highest relative daily patient throughput, and linacs delivering step-and-shoot IMRT with many power outages showed the lowest throughput.
When linac downtime percentages were sampled from the distribution of data collected at The University of Texas MD Anderson Cancer Center (average 1.7%), linac throughput across all treatment schemes increased by an average of 4%, but relative performance at or above baseline did not change.
Power outages affected daily patient throughput more dramatically than did treatment scenarios. Figure 2 shows patient throughput for linacs delivering each of the four treatment types and cobalt-60 units through 5 and 8 years of operation by average daily power outage duration. Daily throughput for linac conformal radiotherapy was found to be equal to that of cobalt-60 units through 5 years of operation with average daily power outages of 1.34 hours and equal to that of cobalt-60 units through 8 years of operation with average daily power outages of 1.83 hours, assuming an average linac downtime of 8%. When the average linac downtime was assumed to be 1.7%, equal average daily patient throughput for conformal radiotherapy on linac and cobalt-60 machines through 5 and 8 years of operation was achieved at 1.88 and 2.34 average daily hours of power outage, respectively. In addition, equal throughput was observed for linac VMAT and cobalt-60 units through 8 years of operation with an average of 0.49 hours of daily power outage.
Finally, when considering the availability of MLCs, daily throughput decreased dramatically when block changes were required. In Figure 3 , daily patient throughput for cobalt-60 units through 8 years of operation requiring one block change and NOTE. Initial cobalt dose rate is assumed to be 250 MU/min under reference conditions, and average linear accelerator (linac) downtime distribution is assumed to be 8% in an average patient population for which no image guidance was used. Abbreviations: IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated arc therapy. *Average power outage duration per 10-hour working day (hours).
three block changes per patient per fraction are shown. Relative to cobalt-60 units through 8 years of operation using MLCs, the need for one block change reduced the throughput to 86% and the need for three block changes reduced the throughput to 63%. The relative reduction in throughput observed when three block changes were required for cobalt-60 units made the throughput equal to that of the linac step-andshoot IMRT modality (which had the lowest relative throughput) with an average of 2.47 hours of daily power outages per 10-hour working day.
DISCUSSION
Thousands of teletherapy units are needed in LMICs and in low-resource settings. The choice of teletherapy unit is an important one, especially considering the cost (both upfront and continuing) and lifetime of teletherapy units. 12, 13 Furthermore, the technologies associated with and the uses and capabilities of a treatment machine, while presumably dynamic over time, can have an impact on the number of patients able to receive possibly lifesaving radiotherapy services. We have quantitatively explored the relative daily patient throughput characteristics of linac and cobalt-60 teletherapy units operating with many treatment techniques and under various infrastructure scenarios. Our results underscore and re-emphasize the importance of power infrastructure characteristics at the site of implementation. It is clear that a complete understanding of the power availability in the region of projected implementation is, without doubt, critical in estimating potential machine performance. Under scenarios of moderate power outages (fewer than 1.6 average hours of power outage per 10-hour working day), conformal treatment techniques delivered with MLCs on cobalt-60 units or linacs can be expected to achieve similar patient throughput. It is our hope that the results of this study can inform the reader who also has a knowledge of their individual clinic regarding the impact of machine type and treatment choices.
Machine implementation is a multifaceted and highly complex issue. It is impractical, and likely impossible, to completely model the projected machine performance over an extended period of time while considering all variables and scenarios that are likely to arise. As a partial acknowledgment of additional considerations, Table 4 Power outages and machine downtime Discrete interruptions in machine operation not only limit average throughput but may interrupt treatment of patients, staff work times, and scheduling. In addition, sudden power cuts may be damaging to teletherapy machines or auxiliary equipment.
Service parts and personnel Accessibility, geographical and otherwise, of service parts and personnel specific to the radiotherapy machine is essential to machine operation. Extended interruptions in treatment can dramatically decrease the efficacy of treatments and the treatment units to individual patients and to the population as a whole.
Image guidance and advanced techniques Many types of image guidance and advanced techniques (eg, IMRT, VMAT, and MLCs) are clinically available, each with associated benefits. However, the addition of accessory technology to a radiotherapy machine may increase the mechanical stress and machine downtime.
The advantages of such technologies whether they are an increase in patient load, dosimetric advantages, or otherwise, should be closely examined on a site-by-site basis. Furthermore, treatment times may vary depending on physician or clinical practice. For example, although we assumed a minimum of 2 minutes beam-on time for VMAT treatments, this might not be representative of true treatment times if one-arc treatments are available.
Dose rate and source exchange Cobalt-60 sources will need replacement after a period of operation. This replacement time will depend upon the initial source strength (variable), financial concerns, and governmental and radioactive material concerns among others. The implications of operation with a decayed source reach beyond increased patient treatment time and decreases in patient throughput.
Capabilities of staff
The training and continued education of technologists, physicists, oncologists, nurses, and dosimetrists depends on the machine and its capabilities. Sufficiently trained staff is essential for the safe operation of radiotherapy equipment.
Adjunct equipment Successful operation of radiotherapy services may indicate the need for additional equipment including but not limited to diagnostic and treatment planning imaging equipment, quality assurance equipment and tools, basic spare parts, treatment planning services, patient positioning and immobilization devices, a shielded bunker or the like, power stabilization equipment, and generators. Without some or all of these, treatment may need longer for completion or may be halted altogether.
Clinician and patient desires Not to be overlooked are the wishes and desires of clinicians, staff, and patients. The choice of machine should be in agreement with current and future clinical operations. A machine that is not wanted or capabilities that are not fully understood will likely suffer in operation.
Abbreviations: IMRT, intensity-modulated radiotherapy; MLC, multileaf collimator; VMAT, volumetric-modulated arc therapy.
discusses scenarios of note and their implications. Our work mainly focuses on the effect of power outages and machine downtime on relative machine performance. This is a simple first step in an effort to clearly elucidate projected machine performance.
A relative average daily throughput analysis was conducted according to data availability. Day-today variation in patient throughput may have impacts beyond patient throughput, including interruptions in treatment, staffing resources, and machine performance.
Considering treatment time, advanced treatment techniques, with the exception of MLCs, reduce patient throughput because of increased mechanical motion or beam-on times. Although it is beyond the scope of this investigation, the indication for implementation of these advanced techniques is debated. 14, 15 When considering cobalt-60 teletherapy units and the availability of MLCs, if physical block changes are needed, a substantial reduction in patient throughput is seen. If three block changes are needed per patient per fraction, throughput is decreased 37%, relative to operation with MLCs. Although block changes may not be indicated in all treatment regimens, as assumed here, our results indicate the critical role automatic beam shaping devices can play in maximizing patient throughput, but we do not consider the burden this may place on machine downtime.
In addition, although a scenario of operation without MLCs was considered only for cobalt-60 units, linacs will also be subject to throughput decreases if MLCs are not used.
Often cited as a disadvantage of cobalt-60 teletherapy is the limited source strength available. 2, 4 We have shown that source decay (initial source strength 2.5 Gy/min at 80 cm) over 8 years represents an increase in patient treatment time of 1.5 minutes per treatment (or 20%). Although with lower initial source strengths and less frequent cobalt-60 source exchanges, patient treatment time can become prohibitively long as a result of increased beam-on time. Thus, the projected availability of cobalt-60 sources must be considered upon machine implementation.
Although the circumstances surrounding each scenario of machine implementation are unique, our analysis quantitatively compared the projected performance of cobalt-60 machines and linacs in low-resource settings. Power infrastructure is implicated as a key factor in the choice of teletherapy machine, but cobalt-60 source availability as well as the use of advanced treatment techniques, including IMRT, VMAT, and MLCs, must also be considered.
